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[57] ABSTRACT 
An analog voltage-to-digital converter employing a 
phase-locked loop. An input voltage to be converted is 
applied to a voltage controlled oscillator through an 
input impedance. The output of the first voltage con- 
trolled oscillator is divided in a first counter to provide 
a square wave input to one input of a phase detector. 
A second counter divides a reference frequency to 
provide a second square wave signal to a second input 
of the phase detector. The phase detector output is 
negatively fed back to the input of the first voltage 
controlled oscillator through -a feedback impedance. 
The phase detector output is a signal whose pulse 
width is a function of the unknown input voltage. The 
phase detector output is used to gate a counter which 
counts a reference frequency to provide a digital num- 
ber that is a function of the unknown voltage. 

24 Claims, 3 Drawing Figures 
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1 

PHASE-LOCKED VOLTAGE-TO-DIGITAL 
CONVERTER 

BACKGROUND OF THE INVENTION 

This is a continuation-in-part of application Ser. No. 
264,733. filed June 21. 1972: 

The present invention relates to an analog voltage-to- 
digital converter and, in particular, to a conversion cir- 
cuit that utilizes a v6Itagc-to-frequency conversion cir- 
cuit in a phase-locked loop. 

One type of analog voltage- to-digital converter uses 
what is known in the art as the successive approxima- 
tion technique. In the successive approximation tech- 
nique, the voltage to be converted is applied to one 
input of a voltage comparator circuit while the other 
input of the voltage comparator is driven by the output 
of a programmed digital number-to-anaiog voltage con- 
verter. When the digital number-to-analog voltage con- 
verter has been programmed so that its output voltage 
is equal to the voltage to be converted, the number 
controlling the digital-to-analog converter is the digital 
representation of the unknown input voltage. The suc- 
cessive approximation technique requires a precision 
resistor , network in the digital number-to-analog volt- 
age converter which can consist of a dozen or more 
precision resistors. 

With the advent of large scale integration (LSI) tech- 
niques, it is desirable to perform as many, functions as 
possible with digital circuits or other circuits that have 
elements that can be easily fabricated utilizing LSI 
techniques. In a LSI voltage-to-digital converter, it is 
desirable to minimize the number of precision ele- 
ments, such as resistors, in the circuit as it is generally 
very difficult to fabricate these precision elements 
^yithin the integrated circuit itself. These precision ele- 
ments are usually connected externally to the LSI cir- 
cuit in the form of discrete components, and since the 
size of each discrete precision component is compara- 
ble to the size of the LSI circuit and since each preci- 
sion component is costly to make, it is apparent that a 
significant size and cost advantage can be realized by 
reducing the number of precision components utilized 
in the. analog-to-digital converter circuit. 

The. use of a yoltage-tp-frequency converter (voltage 
controlled oscillator) in the conversion circuit makes it 
possible to greatly reduce or eliminate the number of 
precision components in the analog voitage-to-digital 
converter circuit; 

The typical prior art analog voltage-to-digital con- 
. verter that employed a voltage controlled oscillator re- 
quired that the voltage controlled oscillator be linear 
over the full range of input voltages. For example, in 
one prior art converter, a reference voltage is applied 
to the input of a voltage controlled oscillator and the 
output frequency is counted for a fixed period of time; 
then an unknown voltage is applied to the voltage con- 
trolled oscillator and the output frequency is counted 
for the same fixed period of time. The difference be- 
tween the two counts provides a digital representation 
of the difference between the unknown input voltage 
and the reference voltage. 

In another prior art analog voltage-to-digital con- 
verter, as disclosed in U.S. Pat. No. 3,35 1.932, the un- 
known voltage is applied to the input of an integrating 
amplifier which drives a voltage controlled oscillator. 
The output of the voltage controlled oscillator is di- 
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vided down by a counter, and the counter output trig- 
gers a pulse generator which puts out a pulse having a 
constant voltage amplitude and a constant pulse width 
which is negatively fed back to the integrating aniplifier 

5 input. The output frequency of the Voltage controlled 
oscillator is counted for a fixed period of time to obtain 
a digital number that is representative of the input volt- 
age. The voltage controlled oscillator of this converter 
also must have a linear characteristic over the voltage 
range at its input. 

Another type of analog voltage-to-digital converter 
uses a voltage controlled oscillator in a phase-locked 
loop. In this type of converter negative feedback and 
filtering is employed so that the voltage controlled os- 
cillator operates at the same steady state input voltage 
thereby reducing the linearity requirements of the volt- 
age controlled oscillator. The phase-locked loop in- 
cludes a phase detector that provides a pulse having a 
time duration that is a function of the voltage being 
converted. My invention concerns this latter type of 
converter in which an output counter counts the num- 
ber of cycles of a reference frequency that occur during 
the time duration of the phase detector output pulse 

2^ thereby generating a digital number that is a function 
of the input voltage being converted. 

In order to provide a voltage conversion circuit that 
can be fabricated with LSI techniques, it is highly desir- 
able to use digital circuit techniques wherever possible. 

30 In a voltage conversion circuit that uses a phase-locked 
loop it may be necessary to compensate for the drift of 
the frequency versus voltage characteristic of the volt-, 
age controlled oscillator. One analog approach for ac- 
complishing drift compensation is to provide an.adjust- 

35 able bias voltage at the input of the voltage controlled 
oscillator. Another analog approach for accomplishing 
drift compensation takes advantage of the fact that it 
is easier to compensate for the drift of a voltage ampli- 
fier than of a voltage controlled oscillator, and so an 

40 analog integrating amplifier is used to drive the voltage 
controlled oscillator. Although this compensates for 
drift of the voltage controlled oscillator, the analog am- 
plifier is still subject to drift which can affect the volt- 
age conversion circuit. It would be desirable to com- 

45 pletely eliminate analog drift compensation circuitry 
and replace it with automatic digital drift compensation 
circuitry. In the voltage conversion circuit of this inven- 
tion, the output counter is independent of the elements 
that make up the phase-locked loop so that drift com- 
pensation can be accomplished utilizing digital tech- 
niques such as by presetting the output counter with a 
number representative of the operating voltage of the 
voltage controlled oscillator prior to a conversion. This 
eliminates the use of analog compensation circuitry. 

Another advantage of using the output counter to 
count a reference frequency is that the desired resolu- 
tion of the digital number is made independent of the 
frequency of operation of the voltage controlled oscil- 
lator. Thus, twice the resolution can be obtained by 
doubling the reference frequency and the capacity of 
the output counter while the voltage controlled oscilla- 
tor is operated at the same frequency. 

It is, therefore, a principal object of this invention to 
provide an improved analog voltage-to-digital con- 
verter that utilizes a voltage controlled oscillator in a 
phase-locked loop and which includes an output 
counter for counting the number of cycles of a refer- 
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ence oscillator that occur during a pulse width analog quency divided in a second counter 22 to provide a ref- 

signal generated in the phase-locked ioop. erence square wave ?ignal to the second input of phase 

It is another object of this invention to provide a volt- detector 18. 

age converter circuit that utilizes a voltage controlled The phase detector 18 is a circuit having an output 

oscillator in a phase-locked loop in which the resolu- 5 signal whose pulse width, or duration, is equal to the 

tipn of the digital number is independent of the fre- difference in phase between the square wayc signal out- 

quency of the voltage controlled oscillator. put of the second counter 22 and the square; wave sig- 

It is yet another object of this invention to provide a nal output of the first counter 16, The phase detector 

ybltage-to-digital converter utilizing a phase-locked 18 could be a flip-flop that is set by the leading edge of 

loop in which the digital number is counted in a 10 the square wave signal from one counter and reset by 

counter that is gated by a signal generated in the phase- the leading edge of the square wave signal from the 

locked loop and in which a digital number that is repre- other counter. The phase detector can also be imple- 

sentatiye of the operating voltage of the voltage con- mented by a logic gate that senses the presence of the 

trolled oscillator is preset into the counter prior to a square wave signal from the siecond counter 22:and the 

conversion. absence of the square wave signal from the first counter 

Another object of this invention is to provide a volt- 16. 

age converter circuit that is suitable for large scale inte- The phase detector output 24 is applied to a filter 26 

gratiori. which provides a signal whose average d-c value is pro- 
portional to the pulse width of the phase detector out- 

SUMMARY OF THE INVENTION 20 put signal 24. The filter output voltage is negatively fed 

In accordance with the invention, an input voltage to back to the input of the first voltage controlled oscilla- 

be converted is applied to a voltage controlled oscilla- tor 14 through a feed-back resistor 28 having a value 

toV thrbughan input impedance. The output of the volt- R/, 

age controlled oscillator is divided in a first counter to When negative feedback is employed, the above- 
provide a square wave input to one input of a phase de- 25 described circuitry will operate as a phase-locked loop, 
tector, A reference frequency is divided in a second (For a more detailed discussion of the operation and 
counter to provide a second square wave signal to a application of phase-locked loops, refer to the book 
second input ofthe phase detector. The phase detector Phaselock Techniques, Floyd M. Gardner, Wiley, 
output is negatively fed back to the input ofthe voltage 1966) That is to siay, the system will automatically seek 
controlled oscillator through a feedback impedance. ^0 a steady state; or quiescent condition, in which the fre- 
The phase detector output is a signal whose pulse width quency of the square wave signal output from the first 
is a function ofthe unknown input voltage' The phase counter 16 will equal the frequency of the square wave 
detector output is used to gate a counter which counts signal output from the second counter 22» This is ex- 
the reference frequency to provide a digital number plained by the fact that any frequency difference be- 
that is a function of the unknown voltage. tween the two square wave signals will cause a phase 

difference to be sensed by the phase detector 18 which 

DESCRIPTION QF THE DRAWINGS ^gg^ug ^ correction signal being applied to the first 

Whil^ the specification concludes with claims partic- voltage controlled oscillator 14 through the feedback 

ularly pointing out and distinctly claiming that which is resistor 28. When the systeni is in the steady state, or 

regarded as the present invention, the objects and ad- quiescent condition, a quiescent voltage; Vq, will be 

vantages of this invention can be more readily ascer- present at the input of thefirst voltage controlled oscil- 

tain ed from the following description of a preferred lator 14. 

cmjjodiment.when read in conjunction with the accom- As the unknown input voltage changes thereby cius- 

^anying drawings in which: ing the input of the first voltage controlled oscillator to 

FIG. l is a block diagram of a basic voltage conver- depart from the quiescent yoltage level, the first vplt- 

sion circuit utilizing a phase-locked loop. age controlled oscillator 14 responds , by. changing the 

FIG . 2 is a block diagram of a voltmeter that uses the frequency of its output signal. The frequency change is 

phase-locked loop voltag^e conversion circuit of FIG. 1. sensed as a phase change by phase detector 18 and the 

FIG. 3 is a more detailed schematic diagram, partially filter output is fed back to the input of the first voltage 

in block form, of the voltmeter of FIG. 2. controlled oscillator 14 which acts to return the input 

of the first voltage controlled oscillator to the quiescent 

DETAILED DESCRIPTION voltage level. When the system again reaches a steady 

For the sake of convenience, elements described with state condition, the input ofthe first voltage controlled 

reference to a specific figure will retain the same refer- oscillator 14 wiH be at the quiescent voltage level and 

ence designation jn the description of subsequent fig- ^ the pulse width of the signal out of the phase detector 

ures; Referring to FIG. 1, the voltage to be converted. will be a function of the difference between Vx and Voi 

Vjv, is applied to a first yoltage controlled oscillator 14 A digital number that is a function of the unknown 

through an input resistor 12 having a value Ri. The volt- input voltage is obtained by using the output signal 24 

age controlled oscillator is a circuit that has an output of the phase detector 18 as i gating signal for output 

frequency that varies as a function of the input voltage. counter 30 which counts a reference frequency such as 

The output frequency of the first voltage controlled os- the output of the second voltage controlled oscillator 

ciliator 14 is frequency divided by a first counter 16. 20. The digital number can be buffered in a holding 

The output of the first counter 16 is a square wave sig- register 32, where the digital number can be utilized to 

rial that drives a first input of a phase detector 18. A drive a numerical display to indicate the value of the 

reference voltage is applied to the input of a second unknown input voltage as shown in FIGS. 2 and 3, 

voltage controlled oscillator 20. The output frequency In certain applications of the voltage conversion cir- 

of the second voltage controlled oscillator 20 is fre- cuit of FIG. 1, it may be necessary to compensate for 
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changes in the characteristics of the voltage controlled There is an advantage in having the two voltage con- 
oscillator 14. A desired operating point of the voltage trolled oscillators 14, 20 niatched in operating charac- 
controUed oscillator 14, that is the quiescent voltage, teristics as closely as possible, such as would result if 
Vq, and the quiescent frequency of the voltage con- they were fabricated on the same semiconductor chip, 
trolled oscillator that corresponds to that quiescent 5 because then certain factors, such as temperature 
voltage is generally determined by the value of one or changes, would tend to have similar and * self- 
two components, resistors or capacitors, in circuit with compensating effects on both circuits. Thus, if due to 
the voltage controlled oscillator. Since the voltage con- a change in the ambient temperature, the reference fre- 
trolled oscillator 14 is operating in a phase-locked loop quency of the second voltage controlled oscillator 20 
the steady state frequency of the voltage controlled os- 10 changes, a similar change will occur in the quiescent 
cillator will always be the quiescent frequency and any frequency of the first voltage controlled oscillator 20. 
change in the characteristic of the voltage controlled Although the change in quiescent frequency of the sec- 
oscillator will be manifested by a change in the quies- voltage controlled oscillator 20 causes the period 
cent voltage, V^. This change in the quiescent voltage, of square wave of the output of the second counter 
Vq, causes the pulse width output of the phase detector ?2 to change, the difference in phase will automatically 
18 to have an offset component that is related to the compensate for the change in order to maintain the 
change in the quiescent voltage from the desired value. same feedback voltage to the input of the first voltage 
Depending upon the magnitude of the offset and the controlled oscillator 14. 

desired accuracy of the voltage conversion, it may be embodiment of the voltage conversion circuit as 

necessary to provide offset compensation. This offset described above included a voltage reference, V«, a 

compensation can be accomplished in the analog cir- ^^^^"^ controlled oscillator 20 and a second 

cuitry by adding or subtracting an offset compensation ^° generate a reference square wave for the 

voltage at the input of the voltage controlled oscillator P^^^e detector 18. It is clear that m certain applications 

14. In a preferred embodiment, the offset compensa- controlled oscillator 20 can be replaced by 

tion is accomplished in the digital circuitry by preset- a crystal controlled oscillator. Such an application is 

ting output counter 30 with a number that represents shown m FIGS. 2 and 3. 

the offset component of the pulse width output of Referring now to FIG 2, which is a block diagram of 

phase detector 18. The offset compensation can be ad- voltmeter that uses the phase-locked loop voltage 
justed manually if the voltage controlled oscillator 14 30 conversion circuit of FIG 1, the unknown voltage to be 

has good long term stability characteristics or can be <=^"^<^7^d, V.. is applied to normally closed contact 41 

performed automatically as shown in the embodiment f ''"f*" P°^^' ^'^/^^ ^^'^^^^ f : ^ '^^^'l'''^ P^" 

r cif-c -1 A -x c -4 ■ A ■ A * I- - * *u A tential, such as zero volts, or ground, is applied to nor- 

of FIGS. 2 ana 3 if It IS desired to ehm mate the need _ n * * V • i. -.A 'riT 1 * 

f 1 « * -r i.u 1^ mally open contact 43 of switch 42. The po e 44 of 

for manual offset compensation or if the voltage con- , /u ♦ ^ * • * • * a c 

, II . 11 * u 1*1 I . t L i-x switch 42 IS connected to the input resistor 12. A refer- 

trolled osci ator has relatively poor one term stabi ity 35 ^ ^ ..t -»a j • * 11 l- i. -j 

V . . * ' ence oscillator 20 drives a counter 22 which provides 

.J,- u'e 1 *• r 1 * a fixed frequency reference signal that is applied to one 

As a resul^ of employing negative feedback to the ^ ^^^^ ^^^^^^^^ 

input of the first voltage controlled oscillator 14, when j^^j,^^ ^^^-^^^^^^ j^^^j^^^ ^^^^^^^ Ig ^^^^J^ ^ 
the conversion circua reaches the steady state condi- ^ ^^^^^^ j ^ ^^e phase detector 18. The 
tion, the input of the first voltage controlled oscillator 40 ^-^^^ ^^^j ^ of phase detector 18 is fed 
14^is returned to the quiescent voltage, thereby greatly ^ack to the summing point junction 45 through feed- 
reducmg the requirement for linearity of the first volt- back impedance 28. A bias voltage 46 is applied to the 
age controlled oscillator over the full range of unknown summing point Junction 45 through bias resistor 47. Fil- 
input voltages. The use of negative feedback requires ^ ^^r 26 filters the signal at the summing point junction 
only two precision resistors. and R,, instead of the 45 45 provides the signal applied to the input of volt- 
dozen or more required m conversion circuits that em- controlled oscillator 14, The pulse width analog 
ploy the successive approximation technique. output of the phase detector 18 is used as a gating sig- 
Although in theory the two voltage controlled oscilla- nal for the counter 30 which counts the number of 
tors 14, 20 could be operated at the same frequency. poises from reference oscillator 20 that occur during 
this may hot be apractical choice if both oscillators are the pulse width analog output of the phase detector 18. 
fabricated from the same semiconductor chip since The control logic block 48 responds to the reference 
there may be sufficient interaction between the oscilla- signal out of counter 22 and controls the operation of 
tor circuits to prevent their operating as independent counter 30, holding register 32 and switch 42. A num- 
voltage controlled oscillators, and their outputs would ber representative of the unknown input voltage is 
instead lock atpne of their common harmonic frequen- accumulated in counter 30 and transferred to holding 
cies. Therefore, in such a case, the quiescent frequency register 32. Holding register 32 drives the segment de- 
of the first voltage controlled oscillator 14 is offset code logic 49 which activates readout 50 to provide a 
slightly from the reference frequency of the second numerical display of the unknown voltage Vx- 
voltage controlled oscillator corresponding to V« to The operation of the basic voltage conversion circuit 
minimize this harmonic locking effect. To compensate is as explained in the discussion of FIG. 1. 
for this difference in operating frequency of the voltage The inclusion of the bias resistor 47 allows for the se- 
controlled oscillators 14, 20, the first counter 16 di- lection of that quiescent voltage, Vq, at which the volt- 
vides the quiescent frequency by N and the second age controlled oscillator 14 has the best linearity and 
counter 22 divides the reference frequency by M so sensitivity characteristics. 

that during the steady state condition the frequency of Although the negative feedback signal that is applied 
both square wave signals into the phase detector 18 are to the summing point junction 45 through feedback re- 
equal, sistor 28 acts to keep the average value of the input 
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voltage to the voltage controlled oscillator 14 at the cent voltage. Vq, upon the completion of the second 

quiescent voltage. Vq. the inslantaneous input voltage cycle, the counter will contain a count prbpbrtionaj-to : 

to the voltage cohtrblled oscillator 14 does change, the unknown vbltagey Vx. to be measured since the qui- 

therefore. any non-linearity of the voltage controlled escient voltage rheasured during the second cycle will 

oscillator 14 can result in an error in the pulse width 5 cancel out the value of the quiescent voltage accumu- 

analog output of the phase detector 18. The function lated during the first cycle. The count stored in c^^^ 

of filter 26 is to limit the ripple voltage that can appear 30 which is proportional to the unknown voltage to be 

at the input of voltage controlled oscillator 14 thereby measured is then transferred to holding register 32 and 

limiting the conversion^ error that is attributed to the . is decoded by segment decode logic 49 which drives 

non-linearity of the voltage controlled oscillator 14. 10 readout 50 to provide a visual display of the value of 

For a detailed analysis ofthe various types of filters t the rtieasuried voltage. : 

can be employed in the phase-locked loop: refer to FIG. 3 is a more detailed logic diagram partially in 

Phaselock Techniques, Gardner, especially to Chapter block form of the voltage conversion circuit of FIG, .2 

2 and Appendix D, - . for measuring input voltages that range between zero 

As previously mentioned, the voltage controlled 6s- 15 arid two volts. Referrihg now to FIG. 3, the uhkhown 

cillatpr 14 will normally operate with a quiescent volt- input voltage. V^. is applied to normally closed contact 

age. Vq, at its input.with the result that the pulse wi 4V of switch 42. Since, in the^referred embodiment, 

analog output of the phase detector 18 and the resiiU switch 42 is an electronic switch, the input voltage. Vx-j 

tarit cou nt in output cdunter 30 will be some function is damped by. diodes 55 and. 56 so that the norm ally 

of the input voltage and the quiescent operating 20 closed contact 41 of switch.42 caiinot go below ground 

ybitage, Vq. of the voltage controlled oscillator 14. The or above some plus voltage 57. ,in order to - protect. the^ 

situation is further complicated in that any changes in electronic switch 42. An adjustment potentiometer has 

the charac^ensto controlled oscillator been placed in series with the input impedance 12 and 

14, such as might result from temperature change of feedback impedance. 28 and the arm of potentiometer 

the vdiUge cotitfdlled b^cilia^^^^^ can affect the qui- 25 61 is connected to the summing point junction 45. 

ekent voltage Vq. A more W on the quies- One approach to compensating for the nop 

cent operating voltage of the voltage controlled oscilla- and drift characteristics, of the voltage controlled ospil- 

tor 14 occurs when the frequency of the reference 6s. lator 14 is to make the filter 26 be an active filter, How- 

cillator 20 changes slightiy such as in reaction to a tem- ever. this requires the use of a relatively complex am- 

perature change. In order to obtain a number that is 30 plifier circuit in the filter. In the preferred embodiment 

proportional to the input voltage, Vx, alone, it may be of FIG. 3 a simple passive filter 26 consisting of resistor 

necessary to compensate for the quiescent voltage Vq 58 and capacitor 59 is employed to restrict the amount 

and any changes It may undergo. One important aspect of ripple voltage that can appear at the input of voltage 

of the preferred embodiment of the voltage conversion controlled oscillator 14.: ^ 

circuit of FIG. 2 js the use of wholly digital techniques The/phase detector 18 consists of a phase detector 

to automatically- compensate for the quiescent voltage circuit 64 which controls electronic sw^^ 

and variations.thereof The control logic block 48 in- mally closed contact 66 of switch 65 is connected to 

eludes control counters and control logic, shown in de- . ground while the normally open. con tact^67 of switch; 

tail in Fid 3, for cbmpensating for the quiescent volt- 65 is connected to the voltage established by: zener 

age Vfl This cbmpensation is accomplished by break- diode 62 which.is driven from a positive voltage Vr£f . 

ihg a voltage conversion into two cycles. During the applied through a current limiting, resistor 63.;The pole 

fii^t cycle, the control logic.block 48 operates switch 68 of switch 65 :is connected to a feedback resistor28 

42 as indicated by dotted line 51: so that a reference po- and forms the output of phase detector 18. ' . - 

tential such as ground., or zero volts, is applied to the ^ In the embodiment of FIG . 3/ 

input impedance 12, the, resulting pulse width analog developed by the ?ener diode 62 also serves as 

output of the phase detector 18 is used to gate the voltage applied to bias resistor 47- > 

counter 30 and the control logic block 48 commands The control logic block 48 consists of an inverter 71 

the counter 30 to count downward so that at the end which provides a logical inversion ofthe phase detector 

ofthe first cycle, counter 30 will have a minus count output signal to one input of AND gate 72. The second 

equal to the number of pulses from reference oscillator input of AND gate 72 is driven by the output of the ref 

20 that occurred during the pulse width analog output erence oscillator 20. A divide by 10 counter 73 ; is 

of the phase detector 18. This number will be a func- . driven from the output of the divide by 4096xpuntcr 

' tioii ofthe quiescent voltage. Vq. appearing at the input 22, The divide by 10 counter 73 drives a divide by 8 

of voltage controlled oscillator 14. During the second « counter 74. Counters 73 and 74 thus count 8Q. cycles 

cycle the control logic block 48 operates switch 42 so '^'^ of the output of the divide by 4096 counter 22. The 8 

that the unknown voltage i V^, is applied to the input output of the divide by 1 0 counter 73 drives one mput 

impedance 12. the resulting pulse width analog output of AND. gates 75 and 76. The 9 output of the divide by 

of the phase detector 18 again gates counter 30 but the 10 counter 73 drives one input of AND gate 77. The 70 

control logic block 48 commands the counter 30 to ^ output of the divide by 8 counter 74 drives the othe^ 

count in the upward direction. The number of pulses input of AND gates 75 and 77 and the 30 output ofthe 

counted during the second cycle will be equal to the divide by 8 counter 74 drives the other input of AND 

number of reference oscillator pulses that occurred gate 76:Thus;the output of AND gate 75 will be pres- 

duririg the pulse width analog output of phase detector ent for the 79th count of the 80 counts counted by 

18. This number will be a function of the quiescent counters 73 and 74. Similarly. AND gate 79 will have 

voltage. Vq, plus the unknown voltage. V;^. being mca- an output that is present during the 39th of the 80 

sured. Since at the. beginning of the second cycle the counts and the output of AND gate 77 will be present 

counter 30 contained a minus count equal to the quies- during the 80th count. The o-9 output of counter 74 is 
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connected to the clear input of up-down counter 30. 
The 0-39 output of divide by 8 counter 74 controls the 
input switch 42. The output of AND gate 75 enables 
one input of AND gate 78, The output of AND gate 76 
enables one input of AND gate 79, and the output of 
AND gate 77 is inverted by inverter circuit 80, The 
other input of AND gates 78 and 79 are driven by the 
output of AND gate 72. The output of AND gate 78 
drives the UP input of the up-down counter 30. The 
output of AND gate 79 drives the DOWN input of up- 
down counter 30 and the output of inverter 80 drives 
the LOAD input of the holding register 32. 

Although the operation of the voltage conversion cir- 
cuit is essentially as explained in the description of FIG. 
2, it is to be noted that the voltage being applied to the 
feedback impedance 28 is either ground or the refer- 
ence voltage established by zener diode 62 as deter- 
mined by the operation of the switch 65 by phase de- 
tector circuit 64. The average voltage that appears at 
the pole of switch 65 will be proportional to the time 
ai;ialog output signal of phase detector 64. Even though 
the average feedback voltage being applied to the feed- 
back impedance 28 is always positive there is negative 
feedback because the summing point junction 45 is bi- 
ased to operate at some positive voltage. This can best 
be illustrated by an example. Assume that the adjust- 
ment potentiometer 61 is zero ohms, that the input and 
feedback impedances 12 and 28 are equal resistors, 
that the summing point junction 45 is biased to operate 
at H-5 volts, and that the reference voltage established 
by the zener diode is +10 volts. Since the input resistor 
and the feedback resistor have the same value, the volt- 
age drop across each resistor will be equal. When the 
input voltage, Vj^, is equal to zero volts, there will be 5 
volts across the input. resistor 12. In order for there to 
be an average of 5 volts across the feedback resistor 28, 
the 1 0 volt zener diode will have to be applied continu- 
ously which is equivalent to a 100% duty cycle signal 
out of the phase detector circuit 64. If the input volt- 
age, Vjr, is equal to +2 volts, there will be 3 volts across 
the input resistor 12. In order for there to be an average 
of 3 volts across the feedback resistor 28, the 10 volt 
zener diode will haye to be applied with a duty cycle of 
80%: It can be seen that even though positive voltages 
are being applied to both the input resistor 12 and the 
feedback resistor 28 the circuit does operate with nega- 
tive feedback. It is also noted that the length of time 
that the zener reference voltage is connected to the 
feedback resistor Is an inverse function of the input 
voltage, Vx^ and the length of time that ground is con- 
nected to the feedback resistor 28 is a direct function 
of the input voltage. 

The phase detector 64 has an output signal having a 
pulse width that is related to the input voltage to be 
measured, V^. It was found that if the phase detector 
output signal is allowed to vary from 0 to 100% duty cy- 
cle, there are certain conditions in which the feedback 
loop will not operate to lock on to the reference signal 
being generated by the counter 22. Another problem is 
that the feedback loop can operate to lock on td the 
harmonics of the reference frequency established by 
counter 22, Furthermore, since the phase detector out- 
put is discontinuous at 0^ and 360° the loop may be un- 
stable for those values of the phase detector output. It 
has been found that the above-mentioned problems can 
be eliminated by restricting the range of pulse widths 
of the phase detector output signal. In the embodiment 
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of FIG. 3, the output signal of phase detector circuit 64 
was limited to 25% to 75% duty cycle range. An addi- 
tional advantage to limiting the duty cycle range of 
phase detector output signal is that less filtering is re- 

5 quired to reduce the effect of non-linearity of the volt- 
age controlled oscillator. 

In the preferred embodiment of FIG. 3, the voltage 
switched to the feedback resistor was chosen to be 6.3 
volts because zener diodes in that voltage range are 

10 more stable with temperature than other zener diodes. 
The ratio of the feedback resistor to the input resistor 
is determined by the voltage of zener diode 62, the 
range of the unknown input voltage, V;^, and the duty 
cycle range of the phase detector circuit 64. The cm- 

15 bodiment of FIG. 3 in which the unknown input voltage 
to be measured is to range from zero to +2 volts and 
wherein the phase detector circuit is constrained to op- 
erate within a 25%. to 75% duty cycle, the ratio of the 
feedback resistor to the input resistor is 1.58. In order 

20 to provide for full scale adjustment of the voltage mea- 
suring circuit a variable resistor 61 is connected in se- 
ries with input resistor 12 and feedback resistor 28 and 
the arm of the potentiometer becomes the summing 
point junction 45. 

25 It was found that a favorable quiescent voltage, Vq, 
to operate the particular voltage controlled oscillator 
14 in the embodiment of FIG. 3 is 5 volts when a 10 
volt power supply is used for the voltage controlled os- 
cillator. It is then possible to calculate the value of the 

3^ bias resistor 47 in terms of a ratio times the input resis- 
tor. The assignment of a value to the input resistor will 
then determine the value of the feedback resistor 28 
and the bias resistor 47. For one embodiment of FIG. 
3 input resistor 12 is 100,000 ohms, bias resistor 47 is 

^5 47,000 ohms, feedback resistor 28 is 158,000 ohms and 
variable resistor 61 is 20,000 ohms. 

The quiescent frequency of the voltage controlled os- 
cillator 14 is about 800 KHz, The reference oscillator 
20 has also been selected to be 800 KHz. Since it is de- 

^" sired to have a resolution of one part in 2,000 and since 
the phase detector circuit 64 is constrained to a 25% to 
75% duty cycleirange the counters 16 and 22 will have 
12 binary stages and one cycle of the signal out of the 
counters 16 and 22 will occur in about 5 milliseconds. 

The filter resistor 58 is 5,600 ohms and the filter ca- 
pacitor 59 is 0.22 microfarads. These values limit the 
ripple voltage at the summing point junction to under 
1 volt peak-to-peak. 

Since the input to the voltage conversion circuit is 
continually switched between the reference, ground, 
and the unknown input voltage. Vj^, it is necessary to 
let the voltage conversion loop settle in order to be cer- 
tain that the pulse width output of the phase detector 
18 is representative of the voltage being converted. The 
settling time is determined by the natural frequency 
and the dainping factor of the voltage conversion loop 
as well as by the desired accuracy of the conversion, 
(see Phaselock Techniques, Gairdner). For input volt- 
ages ranging between 0 and 2 volts, approximately 190 
milliseconds, as determined by counters 73 and 74, is 
allowed before the pulse width output of phase detec- 
tor 18 is measured. 
The operation of the control logic 48 for one conver- 
ge sion will now be described. The divide by 10 counter 
73 and the divide by 8 counter 74 count 80 cycles of 
the 5 millisecond square wave signal out of reference 
counter 22. During the first 40 cycles the 0-39 output 
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of counter 74 operates switch 42 so that ground is con- 
nected to the input resistor 12. During the first 10 cy- 
cles the 0-9 output of counter 74 clears, or zeroes, up- 
down counter 30, The voltage conversion loop is al- 
lowed to settle for 38 cycles and on the 39th cycle 
AND gate 76 is enabled. Since AND gate 72 senses the 
analog pulse width of the phase detector 18 and the 
pulses from reference oscillator 20, the output of AND 
gate 72 will be the number of reference pulses from os- 
cillator 20 that occur during the pulse width output of 
phase detector 18. The output of AND gate 72 and 
AND gate 76 are combined in AND gate 79 and ap- 
plied to the DOWN input of iip-down counter 30 so 
that at the end of the 39th cycle counter 30 will have 
a negative number equal to the number of reference 
pulses that occurred during the pulse time analog signal 
during the 39th cycle. 

During cycles 41 through 80 the 0-39 output of 
counter 74: has a different logic level that operates 
switch 42 so as to cause the unknown input voltage, Vx, 
to be connected to input resistor 12. The voltage con- 
version loop is allowed to settle for 38 cycles and on the 
79th cycle AND gate 75 is enabled. The outputs of 
AND gate 75 and AND gate 72 are combined in AND 
gate 78. and applied to the UP input of up-down 
counter 30 so that at the end of the 79th cycle counter 
30 will have a positive num ber equal to the value of the 
unknown input voltage. V jr. AND gate 77 senses the 
8bth cycle and causes the number stored in counter 30 
to be transferred to holding register 32. The number in 
holding register 32 driyes segment decode logic 49 
which in turn drives a display 50, such as a light emit- 
ting diode numerical display. 

The following commercially available integrated cir- 
cuit modules were used in one embodiment of the volt- 
age conversion circuit of FIG. 5. 



Element ■ 



Integrated Circuit 



Switch 42 
Switch 65 ' 
VCO 14 

Phase Detector 64 . 
. Counter 16 

Counter 22 .. 

Counter 73 . 

Counter 74 
■ Gate 72 ■ ' 

Gate 75 

Gate 76 ■ 

Cate.77 

Gate 71 

Gate 78 

Gate 79 

Gate 80 

Counter 30 

Holding Register 32 

Segment Decode 



CD4016AE 
CD4016AE 
CD4046AE 
CD4046AE 
CD4O20AE 

: CD4O20AE 
CD4017AE 
CD4022AE 
CD4011AE 
CD4011AE 
CD4011AE 

:CD401IAE 
CD4001AE 
CD4001AE 
CD400IAE 
CD400IAE 

' 74192 

. 7475 
7446 . 



COS/MOS 

COS/MOS 

COS/MOS 

COS/MOS 

COS/MOS 

COS/MOS 

COS/MOS 

COS/MOS 

COS/MOS 

COS/MOS 

COS/MOS 

COS/MOS 

COS/MOS 

COS/MOS 

COS/MOS 

COS/MOS 

TTL 

TTL 



Only three precision components were employed in 
the voltage converter of FIG. 3; the 6.3 volt zener diode 
62, the input resistor 12 and feedback resistor 28. This 
is a significant reduction over those prior art converters 
that require the use of a ne twork of precision resistors. 
Sinde the other elements of the converter are state-of- 
the art. commercially available integrated circuits, it is 
apparent that this voltage convej:sion circuit can be im- 
plemented as a single LSI circuit. 

A voltage conversion circuit for converting voltages 
ranging from Qto 2 volts has been built utilizing com- 
ponents as disclosed above. The voltage converter had 



a resolution of ± 1 millivolt arid a maximum ndn- 
linearity of ±1.9 millivolts over thie full input voltage 
range. ' 

While the presient invention has been described with 
reference to a specific ernbodiment thereof, it will be 
obvious to those skilled iri the art that various changes 
and modifications may be made without departing from 
the invention in its broader aspects. For example, the 
voltage conversion circuit of this invention ppuld be 
adapted to handle bipolar input voltages. It is contem- 
plated in the appended claims to cover all variations 
and modifications of the invention which come within 
the true spirit and scope of the invention. 

What is claimed as new and desired to be secured by 
Letters Patent of the United States is: 
L A voltage conversion circuit comprising: 

a. first circuit means having an input responsive to a 
voltage for getierating an output signal having a fre- 
quency that is a function of the voltage at its input, 
said output signal frequency being substantially 
equal to the frequency of a first reference signal 
when a quiescent voltage is present at the first cir- 
cuit means input; 

b. second circuit means responsive to the first refer; 
ence signal and to the first circuit means output sig- 
nal for generating a signal having a first time dura- 
tion proportional to. the phase difference between 
the first reference signal and the first circuit means 
output signal and a second time duration inversely 
proportional to said phase difference; 

c. input impedances means for coupling ah unkno wn 
input voltage to the first circuit means input; 

d. feedback impedance means for negatively feeding 
back the output signal of the second circuit means 
to the input of the: first circuit means, whereby said 
phase difference is made a function of the un- 
known input voltage when the first circuit means 
input has the quiescent voltage thereat; and 
output counter means responsive to the first time 
duration of .the secohd Circuit means output signal 
and to the frequency of a second reifefeiice signal 
for countiiig the number 'of cycles pf said seqbnd 
ref ere rice signal th at occu r durin g siid first tirhe 
duration whereby the counter geherates a digital 
number that is a ifunction of the unknowii input 
voltage. 

2. A voltage conversion circuit as recited in claim 1 
50 additionally comprising third circuit means responsive 

to a reference voltage for generating the first reference 
signal. ■ - ■ ■■ 

3. A voltage conversion circii it as recited in claim 1 
additionally comprising: 

55 a. signal generating means responsive to a reference 
voltage for geiierating a third rcfcreince sign ial; and 
b. counter means responsive to. the frequency of the 
third reference sigiia! for generating said first refer- 
ence signal. : 

4. A voltage conversion circuit as recited in claim 1 
wherein the first circuit means comprises: 

a. signal generating nieans having an output respon- 
sive to a voltage for generating an output frequency 
that is a function of its input voltage; arid 

b. counter nieans responsive to the sigiial generating 
meains output frequency for generating said output 

'■signal.-'. 



10 



15 



20 



25 



30 



35 



.40 



45 



60 



65 



09/20/2002, EAST Version: 1.03.0007 



13 



3,868,677 



14 



20 



5. A voltage conversion circuit as recited in claim 1 
additionally comprising a filter circuit for filtering the 
input voltage of the first circuit means. 

6. A voltage conversion circuit as recited in claim 1 
additionally comprising: .5 

a. a holding register for storing the digital number 
generated by the output counter; and 

b. readout means responsive to the holding register 
for providing a visual display of the number stored 

in the holding register. 10 

7. A voltage conversion circuit as recited in claim 1 
wherein the second circuit means includes switch 
means for connecting a first reference voltage to the 
feedback impedance means during the first time dura- 
tion and a second reference voltage to the feedback im- ' ^ 
pedahce means during the second time duration. 

8. A voltage conversion circuit as recited in claim 1 
additionally comprising circuit means for compensat- 
ing for any drift of said quiescent voltage including 
means for storing in the output counter prior to a volt- 
age conversion a number representative of a reference 
voltage so that the number generated by the output 
counter indicates the difference between the unknown 
voltage and the reference voltage. 25 

9. A voltage conversion circuit as recited in claim 1 
additionally comprising: 

a. counter means responsive to the frequency of the 
second reference signal for generating the first ref- 
erence signal. 3Q 

10. A voltage conversion circuit as recited in claim 

9 wherein the first circuit means comprises: 

a. signal generating means having an output respon- 
sive to a voltage for generating an output frequency 
that is a function of its input voltage; and. 35 

b. counter means responsive to the signal generating 
means output frequency for generating said output 
signaL. .... 

11. A Voltage conversion circuit as recited in claim 

10 additionally comprising: 40 

a. a holding register for storing the digital number 
generated by the output. counter; an 

b. readout means responsive to the holding register 
for providing a visual display of the number stored 
in the holding register. . 

12. A voltage conversion circuit as recited in claim 

11 wherein the second drcuit means includes switch 
means for connecting a second reference voltage to the 
feedback impedance means during the first time dura- 
tion and a third reference voltage to the feedback im- 
pedance means during the second time duration. 

13. A voltage conversion circuit as recited in claim 

12 additionally comprising a filter circuit for filtering 
the input voltage of the first circuit means. 

14. A voltage conversion circuit as recited in claim 

13 additionally comprising circuit means for compen- 
sating for any drift of said quiescent voltage including 
means for storing in the output counter prior to a volt- 
age conversion a number representative of a reference 
voltage so that the number generated by the output 
counter indicates the difference between the unknown 
voltage and the reference voltage. 

15. A voltage conversion circuit as recited in claim 

14 additionally comprising an oscillatoir for generating 
the second reference signal. 

16. A circuit for use in a, voltage converter for gener- 
ating a digital number that is a function of an unknown 



60 



voltage including an input impedance and a feedback 
impedance comprising: 

a. first circuit means having an input responsive to a 
voltage for generating an output signal havinjg a fre- 
quency that.is a function of the voltage at its input* 
said output signal frequency being substantially 
equal to the frequency of a first reference signal 
when a quiescent voltage is present at the first cir- 
cuit means input; 

b. second circuit means responsive to the first refer- 
ence signal and to the first circuit means outward 
signal for generating a signal having a first time du- 
ration proportional to the phase difference be- 
tween the first reference signal and the first circuit 
means output signal and a second time duration in- 
versely proportional to said phase difference said 
first circuit means being adapted to be connected 
to the input impedance so that the unknown volt- 
age is coupled to the first circuit means input and 
wherein the first circuit means input and the sec- 
ond circuit means output are adapted to be con- 
nected across the feedback impedance, whereby 
said phase difference is made a function of the un- 
known input voltage when the first circuit means 
input has the. quiescent voltage thereat; and 

c. output counter means responsive to the first time 
duration of the second circuit means output signal 
and to the frequency of a second reference signal 
for counting the number of cycles of said second 
reference signal that occur during said first time 
duration whereby the counter generates a digital 
number that is a function of the unknown input 
voltage. 

17. A circuit as recited in claim 16 additionally com- 
prising: 

a, counter means responsive to the frequency of the 
second reference signal for generating the first ref- 
erence signal. 

18. A circuit as recited in claim 17 wherein the first 
circuit means comprises: 

a. signal generating means having an output respon- 
sive to a voltage for generating ah output frequency 
that is a function of its input voltage; and 

b, counter means responsive to the signal generating 
means output frequency for generating said output 
signal. 

19« A circuit as recited in claim 18 additionally com- 
prising; 

a. a holding register for storing the digital number 
generated by the output counter. 

20. A circuit as recited in claim 19 additionally com- 
prising: 

a. readout means responsive to the holding register 
for providing a visual display of the number stored 
in the holding register. 

21. A circuit as recited in claim 19 wherein the sec- 
ond circuit means includes switch means for connect- 
ing a second reference voltage to the feedback imped- 
ance means during the first time duration and a third 
reference voltage to the feedback impedance means 
during the second time duration. 

22. A circuit as recited in claim 19 additionally com- 
prising a filter circuit for filtering the input voltage of 
the first circuit means. 

23. A circuit as recited in claim 19 additionally com- 
prising circuit means for compensating for any drift of 
said quiescent voltage including means for storing in 
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the output counter prior to a voltage conversion a num- 
ber representative of a reference voltage so thai the 
number generated by the output counter indicates the 
difference between the unknown voltage and the refer- 
ence voltage. 
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24. A circuit as recited in claim 19 additionally com- 
prising an oscillator for generating the second refer- 
ence signal. 
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